regulation is a complex mechanism involving multiple moleTumour progression to the metastatic phenotype is mainly cules, among them growth factors. Thus, hepatocyte growth dependent on tumour cell invasiveness. Cell migration is a factor (HGF) has been reported to stimulate the production of crucial step in this process. Here we investigate the effect MMPs in some colon cancer cell lines (5). of hepatocyte growth factor (HGF) on the induction of Hepatocyte growth factor is a mesenchymal-derived cytoin vitro invasiveness of poorly aggressive Caco-2 colonic kine. Its receptor, c-Met, is a transmembrane tyrosine kinase cancer epithelial cells. Invasion assays through a Matrigel encoded by the c-met proto-oncogene. HGF and c-Met are barrier were performed. Proteases were assessed by zymofound in normal human digestive tissues (6,7) and c-Met is graphy, reverse transcription-polymerase chain reaction overexpressed in gastric, colonic and pancreatic cancers and immunoblotting. Caco-2 cells were found to express (8-10). Hepatocyte growth factor induces pleiotropic bio-HGF receptor but not HGF and to secrete several logical activities. Particularly, it exerts in vitro a motogenic proteases, namely matrix metalloproteinase-1 (MMP-1), effect on various target cells, which is displayed either by cell MMP-2, possibly MMP-9 and urokinase plasminogen scattering, simple locomotion, notably migration during the activator (uPA). Exogenous HGF promoted invasiveness of wound repair process of cultured cells, or invasiveness through Caco-2 cells through an artificial basement membrane the extracellular matrix. Interestingly, these three types of matrix and enhanced their production of proteases. In motile events are induced by HGF in some epithelial cell lines addition, analyses of media at the end of invasion assays of the digestive tract (5, (11) (12) (13) (14) (15) (16) (17)(18)(19), indicating that HGF may be indicated that anti-HGF antibody inhibited protease proa major factor in healing of digestive tissues injury and duction in parallel with cell invasion. The involvement of gastrointestinal cancer progression. The mechanisms by which proteases in the HGF-induced invasion process was further HGF triggers motility are dependent on the activation of investigated using either a synthetic general MMP inhibitor several intracellular molecular pathways. The role of phosor neutralizing antibodies against MMPs or uPA. All phatidyl inositol triphosphate (PI3) kinase (20), Ras (21), components significantly inhibited HGF-promoted cell 41/43 mitogen-activated-protein kinase (22) in the HGFinvasion. Moreover, specific inhibitors of PKCα/β1 and PI3 mediated cell scattering activity has been established. HGFkinase also decreased both HGF-promoted cell invasion mediated cell invasion requires the activation of c-Src kinase and protease expression in invasion assay media. Thus, our (23), that of PI3 kinase and/or Grb2 (19,24). findings provide evidence that the process of HGF-activated Despite the fact that HGF is able to stimulate protease invasiveness of Caco-2 cells involves PI3 kinase and PKC production and cell invasion, it is not clear whether both these and results from close association of two events, stimulation two processes are induced in all target cells and whether they of cell motile activity and concomitant overproduction of are linked together. Some of the overexpressed proteases proteases, which permits cell migration through a degraded may not play a role in invasiveness. Investigations aimed at extracellular matrix. establishing a direct relationship between these two processes are just emerging and yet none have concerned gastrointestinal tumour cells. On the other hand, since a recent work has Introduction shown the implication of PKCα in intestinal cell invasion (25), it is possible that the HGF-invasive signal is mediated Tumoural invasion and metastatic processes require the loss by this molecule. of cell adhesion, degradation of the extracellular matrix as
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The aims of the present study were therefore to investigate well as the basement membrane and concomitant induction of further the capability of HGF to induce motogenesis and cell movement (1) . Various molecules promoting motility, such invasiveness of the Caco-2 human colon cancer cell line reputed as proteases and growth factors, have been implicated in these as poorly aggressive (26), and to analyse the mechanisms processes.
accounting for these potential HGF effects. Our results show Matrix metalloproteinases (MMPs) and urokinase plasmino-(i) that HGF activates cell motility through a Matrigel barrier gen activator (uPA) are two major classes of proteases that in an invasion assay model, (ii) that HGF promotion of cell play a role in cancer evolution. Matrix metalloproteinases are invasiveness is closely associated with increased production known to degrade extracellular matrix proteins that constitute of proteases in media in the course of the invasion process and (iii) the involvement in PI3 kinase and PKC in these two
Materials and methods
Assays were performed according to Albini et al. (30 Caco-2 cell proliferation was examined to verify the absence of direct toxicity PKCβ1, were from Calbiochem. Bisindolylmaleimide-1 (Bis-1), a second of batimastat. Cells were cultured in the presence or absence of 50 µg/ml PKC inhibitor, was from Alexis Biochemicals (San Diego, CA). Batimastat batimastat for 3 days. [ 3 H]Thymidine (0.1 µCi/ml) was added to cells during or BB-94, a synthetic hydroxamic acid-based inhibitor of MMPs, was a gift the last hour before harvesting. Cells were washed twice with phosphate from British Biotech (Oxford, UK).
buffer saline and trypsinized. DNA was precipitated with 5% trichloroacetic Zymography acid at 4°C for 30 min, washed with 95% ethanol, then dissolved in 10% Triton. Incorporated radioactivity was analysed in a β scintillation counter Proteases were detected using a modified technique (27). Serum-free condiand expressed in c.p.m. tioned media from normal cultures or from upper Transwell compartments after invasion assays were collected, centrifuged at 4000 g for 20 min and Statistical analysis then concentrated if necessary. Laemmli's buffer without reducing agent was
Values were expressed as the mean Ϯ SEM. Comparisons between all groups added to media. The latter lacked phenol red, this allowed measurement of were analysed by one-way ANOVA followed by the t-test for comparison protein concentration using the BioRad protein assay (BioRad, Hercules, CA). between two groups. The level of statistical significance was set at P Ͻ 0.05. Proteins (40 µg loaded onto each lane) were separated by 10% SDS-PAGE containing 1 mg/ml gelatin or casein. Gels were then stained for 1 h in 30% methanol/10% glacial acetic acid solution containing 1.5% (w/v) Coomassie
Results
blue and destained in the same solution in the absence of dye as previously described (28). Unstained areas corresponded to zones of MMP proteolytic
Caco-2 cells express c-Met but not HGF
activities.
First of all, we determined whether Caco-2 cells express HGF
Western immunoblotting
and its receptor. Neither HGF mRNA nor HGF protein was For protease detection, conditioned media from normal cultures or from found in these cells, at least at the passages examined, whereas Transwells after invasion assays were prepared as for zymography. For fetal human liver, used as a positive control (7) different behaviour over culture time, but no MMP-9 mRNA was detected ( Figure 2B ). Expression of uPA was also detected by western blotting in the culture media of Caco-2 cells ( Figure 2C ).
HGF stimulates MMP production by Caco-2 cells
Given that Caco-2 cells express MMPs, we wished to investigate whether HGF could influence MMP secretion in Caco-2. Cells at 80% confluence were FCS deprived for 24 h, then cultured for 48 h in serum-free medium in the presence of 20 ng/ml HGF, followed by media collection and the examination of MMP expression both by zymography and western immunoblotting. After scanning, the surface and densitometry First of all, we confirmed that HGF was indeed able to enhance post-plating-whereas appearance of the 50 kDa band was delayed but its migration of Caco-2 cells after monolayer wounding (data not conditions previously used for Madin-Darby canine kydney epithelial cells (pores 8 µm, Matrigel dilution 5 mg/ml) reported as invasive under HGF (33) and used as controls. We confirmed that HGF stimulated the invasiveness of these cells (data not or when HGF was added to FCS-free medium (Figure 4b ). However, when 50 or 100 ng/ml HGF were added to the FCSshown), whereas Caco-2 cells were repeatedly not invasive. Secondly, we changed the experimental conditions, using a supplemented medium, there was a 7-20-fold increase in the number of invading cells as compared with the corresponding higher Matrigel dilution (1 mg/ml), larger membrane pores (12 µm) as for other intestinal cells (17) and a 3 day incubation concentration of HGF alone, indicating that there was more than an additive effect of HGF and FCS (Figures 4c and d time. Under these conditions, cells were not able to pass through the Matrigel ϩ membrane barrier when FCS-free and 5A). Whatever the HGF concentration, the additional introduction of HGF antibody significantly reduced the number medium was introduced into the lower compartment. There was a small number of invading cells when FCS-supplemented of invading cells by 65-90%, depending on the experiment, P Ͻ 0.02 to P Ͻ 0.001. Similarly, inhibition of tyrosine kinase medium was used in place of FCS-free medium (Figure 4a ) performed invasion assays in the presence of a general MMP inhibitor, batimastat. Incubation with each of these MMP antibodies as well as with batimastat resulted in significant by herbimycin A, used at a concentration found efficient decreases, ranging from 25 to 55%, in the number of invading by others in inhibiting HGF stimulation (34), significantly cells stimulated by HGF (P Ͻ 0.05 to P Ͻ 0.005), without decreased the HGF-induced cell invasion by 42-75% (P Ͻ apparent cell damage by these molecules ( Figure 6A ). In 0.005 to P Ͻ 0.001) (Figures 4e and f and 5B) .
contrast, normal mouse IgG has no influence on cell invasion. We speculated that proteases previously shown to be secreted
We also verified, as we have already shown in other colon by Caco-2 cells might be implicated in this HGF-promoted cancer cells (28), that batimastat at the concentration and under invasiveness. Therefore, we next performed western blots and the conditions used here did not significantly alter Caco-2 cell zymographies in gelatin and casein gels from the conditioned proliferation as compared with controls (1711 Ϯ 125 versus culture media collected from the upper Transwell compart-1268 Ϯ 212 c.p.m., respectively; NS), indicating that batimastat ments, after loading equal quantities of protein per lane. The has no direct toxicity on these cells. In addition, analyses of secretion of MMPs by Caco-2 cells was enhanced when HGF conditioned Caco-2 cell media showed that, in the presence was added to the FCS supplemented-medium. When the antiof anti-uPA antibodies, there was a concomitant reduction in HGF antibody or the tyrosine kinase inhibitor was furthermore HGF-stimulated MMP levels, as shown by zymography and introduced, MMPs and uPA expression decreased or apparently western blotting ( Figure 6B and C). All these results indicated disappeared from the culture media ( Figure 5C and D) , that proteases such as MMP-1 and -2 and uPA are involved supporting the hypothesis that HGF favours tumour cell in the cell invasiveness process induced by HGF. In contrast, invasion by promoting protease production.
MMP-9 antibody gave contradictory results in three MMPs and uPA are involved in HGF-induced cell invasion independent experiments and therefore no conclusions could be drawn as to the putative part played by MMP-9 in the In an effort to analyse further the potential implication of proteases in the HGF-stimulated Caco-2 cell invasiveness, HGF-induced invasion in this cell line. has recently been reported that transfection of an activated form of PKCα into the HT29-M6 intestinal cell line results in induction of cell invasiveness in vitro (25). On the other hand, MMP activity was seen as depicted in zymograms from cell PI3 kinase has been shown to mediate the HGF-promoted culture media ( Figure 7C ). In an additional experiment, we invasion in c-src-transformed intestinal cells (19). It is possible, examined MMP levels in conditioned culture media of HGFtherefore, that these two kinases are implicated in HGFstimulated cells, cultured for 3 days onto Matrigel in the induced Caco-2 cell invasiveness? To investigate this further, presence of two other inhibitors, LY 294002 for PI3 kinase wortmannin, a specific inhibitor of PI3 kinase and GÖ 6973, and Bis-1 for PKC. Again, a decrease in MMP activity was a specific inhibitor of two PKC isoforms, PKCα and PKCβ1, noted as compared with HGF alone (Figure 8 ). These results were added. The GÖ 6973 concentration used has been indicate that PI3 kinase and PKC are involved in the two previously shown to be effective on Caco-2 cells (38) . First, responses to HGF. we verified that the solvent of inhibitors (0.1% DMSO) had no effect on HGF-stimulated cell invasiveness and, also, that Discussion the viability of cells, examined by trypan blue exclusion, was not altered in the presence of these inhibitors after 3 days.
The metastatic characteristics of tumour cells are dependent mainly on the degradation of the extracellular matrix by Wortmannin and GÖ 6973 inhibited HGF-stimulated Caco-2 cell invasion by 60 (P Ͻ 0.005) and 28%, respectively ( Figure  proteases and concomitant induction of cell movement, the latter being the determining step in the process of tumour 7A and B) and a concomitant decrease in HGF-stimulated cell invasiveness. The present investigation provides the first accounted for complete inhibition of HGF-promoted cell invaevidence that HGF stimulates motility of Caco-2 cells through sion. There was a concomitant diminution in MMP expression the extracellular matrix due to overproduction of a specific in culture media in the presence of anti-uPA antibody as subset of proteases and the involvement of PI3 kinase and compared with experiments with FCS ϩ HGF alone, consistent PKC in this process.
with the postulated role that uPA may play in pro-MMP At variance with previous data (17) and in spite of the poor activation. Indeed, plasmin, generated from plasminogen by Caco-2 cell aggressiveness (26), HGF, at the two concentrations uPA, has been proposed as a possible activator of pro-MMPs tested, was indeed able to trigger their invasiveness across in vitro but also in vivo (41). Reduction in plasmin generation a Matrigel barrier. Nevertheless, this process was greatly by uPA antibody must consequently reduce the MMP levels. facilitated when HGF was added to FCS-supplemented medium
In the present work, the lack of clear-cut inhibition with antias compared with FCS-free medium, the number of invading MMP-9 antibody should suggest that the 92 kDa band actually cells being roughly HGF dose-dependent. Obviously, our did not represent MMP-9. Alternatively, it is possible that current results indicate synergism between HGF and one or Caco-2 cells express MMP-9 without implication of the latter several components of FCS. One of these components could in cell invasion. In that way, it has been shown that squamous be uPA, which is known to activate HGF (39) . We have shown cancer cells secrete uPA which does not play a role in the that invasion was mainly induced by the complex HGF/c-Met, invasiveness of these cells (42). Recently, two groups have since the number of invading cells under HGF greatly decreased investigated in parallel the HGF-induced stimulation of by blocking HGF with a neutralizing anti-HGF antibody and invasiveness and protease activities in gallbladder and squamby inhibiting tyrosine kinase activity, including that of c-Met.
ous carcinoma cell lines (32,42). However, to our knowledge, MMPs and uPA have been shown to be required for optimum our study is the only one which examines the relationships invasiveness of ovarian and lung cells, respectively (35, 36) . between these two processes by studying systematically the In the present work, we found that Caco-2 cells produced profile of protease production in the media of cell invasion MMP-1, MMP-2 and uPA. Expression of MMP-1 mRNA had assays under all the above-mentioned conditions. Moreover, been evoked in these cells (40) . A relatively weak proteolytic our results concern another type of cells, i.e. colon cancer cells. activity at 92 kDa, which might correspond to that of MMPFinally, in addition to the activation of tyrosine kinase, 9, was also consistently found on zymograms, but we were other interesting findings described herein suggest that HGF unable to confirm the presence of MMP-9 mRNA by RTapparently requires, at least in part, the involvement of PKCα PCR. There are two possible explanations: (i) the level of and PI3 kinase pathways to activate the invasive behaviour of MMP-9 mRNA was too low to be detected in cells at a given Caco-2 cells. The sum of effects noted in the present study time-point, whereas zymograms revealed the enzymatic activity with inhibitors of these two signalling molecules roughly of the secreted protein that had accumulated in the culture accounted for 90% inhibition of HGF-induced cell invasion. medium over 2-3 days. Consistent with this hypothesis, western However, for cell invasion assays, we used a single inhibitor blots with anti-MMP-9 antibody detected a discrete 92 kDa band. (ii) Alternatively, this band corresponded to a protease for PKC or PI3 kinase, commonly used by investigators, and different from MMP-9 but with a similar apparent molecular their specificity might be questionable as they may inhibit mass.
other protein kinases. GÖ 6976 is known to be reasonably We have further shown that Caco-2 cell MMP production selective for two PKC isoforms; and very recently, from 28 increased in the presence of HGF and that, conversely, commercially protein kinase inhibitors tested, wortmannin was neutralizing anti-HGF antibody strikingly reduced, or ranked among the eight compounds having the most impressive apparently abolished, the expression of MMP and uPA in the selectivity profile (43). Although our results would need to be culture media of invasion assays. Two possible explanations reinforced by using other structurally unrelated inhibitors of for the disappearance of protease with HGF-antibody (as seen these kinases, as such, they confirm that PI3 kinase is a in Figure 5C ) are as follows. (i) FCS is a natural fluid transducer of HGF-promoted cell invasion (19,24) and strongly containing a variety of molecules, among them growth factors, suggests for the first time that PKC (α or β1) is also involved whose concentration is variable. So, the production of some in this process. In addition, although HGF regulation of MMPprotease(s) by FCS alone may be due, at least in part, to HGF. 1 expression has already been reported to require PKC activity Actually, western blots performed from one FCS batch with (34), herein, it is the first time that PI3 kinase and PKC have anti-HGF antibody showed a band at 70 kDa, corresponding been shown to participate in the HGF stimulation of MMP to HGF (data not shown); this does not exclude other FCS production by cells in the course of their invasion process. components from stimulating protease production. (ii) Alternat-
The involvement of these signalling molecules in this latter ively, it is possible that a more prolonged exposure with the process was confirmed by using two other inhibitors, LY chemiluminescent reagent would reveal a weak protein band.
294002 and Bis-1, respectively. Further studies should deterThis reduction in protease expression accompanied the mine whether in HGF-stimulated cell invasiveness, elements diminution in cell invasion and implicated proteases in HGFother than MMP(s), such as cytoskeleton components and induced Caco-2 cell invasiveness. The involvement of each adhesion molecules, are possible targets for PI3 kinase and protease in this process was then investigated using MMP PKC. antibodies and a general MMP inhibitor. Our findings provide
In conclusion, our findings support the hypothesis that evidence that MMP-1, MMP-2, as well as uPA were actively HGF favours invasion of Caco-2 cells through the basement involved. The magnitude of inhibition of cell invasion observed membrane by close association of two concomitant mechanin the presence of batimastat was consistent with the sum of isms, stimulation of their motile activity and activation of inhibitions noted in the presence of anti-MMP-1 and antiproteases, possibly PI3 kinase/PKC-dependent, which permit MMP-2 antibodies and addition of the inhibitions noted in the presence of batimastat and uPA antibody theoretically cell migration through the degraded extracellular matrix.
